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Improvement of a superconducting magnet system makes induction of a strong magnetic field easier. 
This fact gives us a possibility of energy conversion by the Nernst effect. As the first step to study 
the Nernst element, we measured the conductivity, the Hall coefficient, the thermoelectric power 
and the Nernst coefficient of the InSb, which is one of candidates of the Nernst elements. From this 
experiment, it is concluded that the Nernst coefficient is smaUer than the theoretical values. On 
the other hand, the conductivity, the Hall coefficient ant the thermoelectric power has the values 
expected by the theory. 
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I. INTRODUCTION 

One of the authors, S. Y., proposed ||J|] the direct 
electric energy conversion of the heat from plasma by 
the Nernst effect in a fusion reactor, where a strong mag- 
netic field is used to confine a high temperature fusion 
plasma. He called [|l|,^ the element which induces the 
electric field in the presence of temperature gradient and 
magnetic field, as Nernst element. In his paper 0,^, he 
also estimated the figure of merit of the Nernst element 
in a semiconductor model. In his result the Nernst 
element has high performance in low temperature region, 
that is, 300 - 500 K. Before his works, the Nernst element 
was studied in the 1960's In those day, induction of 
the magnetic field had a lot of loss of energy. This is the 
reason why the Nernst element cannot be used. Nowa- 
days an improvement on superconducting magnet gives 
us higher efficiency of the induction of the strong mag- 
netic field. We started a measuring system of transport 
coefficients in the strong magnetic field to estimate ef- 
ficiency of the Nernst element on a few years ago [Q. 
As the first candidate of the Nernst element, we choose 
InSb, which is expected to have the high figure of merit 
according to the single-band model ||^. The experiment 
results show that the Nernst coefficient is smaller than 
the theoretical values. On the other hand, the conduc- 
tivity, the Hall coefficient and the thermoelectric power 
has the values expected by the theory. In this paper, 
we introduce the experimental results and compare the 
theoretical calculations. 
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TABLE I. Mobilities of electron near room temperature. 
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FIG. 1. The maximum efficiency of the Nernst element as 
a function of Zn. 



II. EXPERIMENT 



A. Choice of material 



We discuss the principle of transport phenomena in a 
magnetic field and a temperature gradient. This behav- 
ior is written by two phenomenological equations j^] as 
follows: 



E=- + a-V T + RiiB x J, 



q = aTJ ~kV T + NTB x J + LB x VT, 



(1) 
(2) 



where E is electrical field, J current density, B mag- 
netic field, T temperature, cr electrical conductivity, a 
thermoelectric power, i?H Hall coefficient, TV Nernst co- 
efficient, K thermal conductivity and L Righi-Leduc coef- 
ficient. The Nernst element uses the last term of eq.(^. 

To simplify the discussion of the efficiency, we replace 
all transport coefficients by averaged quantities, which 
do not depend on position within a device. In order to 
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estimate efficiency of the Nernst element, it is useful to 
define the figure of merit Zn as follows M : 



(a) 



(3) 



Using eq.(l), the optimal efficiency of thermomagnetic 
generators £n is given by |0] 



En = £c 



I -St 



(4) 



Thigh , 



where Thigh (Tlow) is the temperatures of the heat- 
ing (cooling) block, ec the carnot efhciency, (Thigh — 
Tlow) /Thigh, and 



Tlow ^" -^hig 



(5) 



The value of 6^^ must be a real number. This fact impose 
the following restriction as H: 



T 



low 



Ti 



high 



< 1. 



(6) 



We plot the normalized efhciency, En/sc in Fig- as a 
function of the figure of merit. This figure shows that £n 
increases monotonously as becomes larger. We, there- 
fore, must choose the high-^N materials. We consider 
the transport coefficients to choose them. It is known 
from the Boltzmann equation that both conductivity and 
Nernst coefficient are proportional to Hall mobility 
This fact derives the form ll|,r 



(7) 



The equation (0) is a criterion for searching the Nernst 
element. Under this criterion, we first propose indium 
antimonide, InSb as a candidate of the Nernst element. 
To compare the mobility of InSb with the other materials, 
we summarize the values of the mobilities in Table |. 
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FIG. 2. Sample geometries for performing (a) resistivity 
and (b) Hall measurements by the van der Pauw method. 
Size of sample is 4mm x 4mm x 1mm. 
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FIG. 3. Resistivity (a) and Hall coefficient (b) of InSb sam- 
ple as a function of temperature. The closed circles indicate 
the experimental results. Ths solid curve is a guide of eyes. 



B. Measurement of transport coefflcients and results 

1. Conductivity and Hall coefficient 

The carrier concentration of the InSb crystals investi- 
gated is 6.6 X 10^° [ m~^] and its mobility 21 [m^/V/s] 
at 77K. This sample exhibited intrinsic behavior near 
room temperature. Copper wires with 50 /im-diamcter 
are spark-bonded onto a crystal by using a capacitor dis- 
charge. Chromel-Alumel thermocouples, 0.5 mm in di- 
ameter, are contact to heating and cooling units with sil- 
ver epoxy. The temperature of the sample is controlled 
within 270-370K by the heat bath, the water temperature 
of which is kept a constant. We induced a strong mag- 
netic field up to 4 Tesla by the superconducting coil to 
measure magnetoresistance of the sample. Analog signals 
of the thermocouples and voltage source are amplified 
and converted to digital data. The personal computer 
acquires these data and draws figures in real time. We 
use the van der Pauw method |^ to measure the con- 
ductivity and Hall coefficients. A geometry for the van 
der Pauw method is shown in Fig. ||. Figure Fig. ||(a) 
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shows the temperature dependence of the resistivity at 
B=0 Tesla. The temperature dependence of the Hah co- 
efficient is represented in Fig. ||(b). 




FIG. 4. Shape of the sample for measuring the thermoelec- 
tric power and the Nernst effect. This shape is called the 
"bridged shape". 
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FIG. 5. Thermoelectric power of InSb sample as a function 
of temperature. The crosses represent experimental results 
at i? = Tesla. The filled circles indicate the experimental 
results ai B — 4 Tesla. The solid curves are guide for eyes. 



2. Thermoelectric power and Nernst coejficient 

The sample of measurement of the thermoelectric 
power and the Nernst element is the same material as 
the van der Pauw method. However, the shape of the 
sample is changed from the square to the bridged shape 
(Fig. I). 

In order to make temperature gradient in the sample, 
we used thermofoil heater for a heating copper block side, 
the water temperature of which is controlled by a low 
temperature incubator, for a cooling one. Using the heat- 
ing and cooling units, the thermal difference across the 
sample was within 10-lOOK. The thermoelectric voltage, 
Va and the Nernst one, Vn have the following relations 



between the thermoelectric power and the temperature 
gradient as 



Vo, = La\V T\ « a AT, 



(8) 
(9) 



where AT is (Thigh — Tlow), w the width of the sample 
and L the length defined by Fig. ^. Here we define the 
following physical quantity, f3 to compare the thermo- 
electric power and the Nernst effect: 



f3 = NB, 



(10) 



which has the same dimension, [V/K] as a. The results 
of the measurement of a and /3 in Figs. The thermo- 
electric power doesn't change very much as the magnetic 
field is induced. On the other hand, the /3 depends on the 
magnetic field very much. In Fig. ^a), we plot the re- 
sults as the crosses and the theoretical values as the filled 
circles. The theoretical values are explained in the later. 
The difference between the experimental results and the 
theoretical ones is the order of 10. For the strong mag- 
netic field, the results are shown in Fig. ||(b) . 
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FIG. 6. Plot of Nernst effects, /3 = TV x B in the case of 
B = 0.1 Tesla (a) and 4 Tesla (b). The crosses indicate the 
experimental results. The filled circles in Fig. ^a) were calcu- 
lated by the single band model with the mobilities which were 
given from the Hall coefficients and resistivities. In Fig. ^(b), 
the solid curve is given by the least square method. 
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III. ANALYSIS AND PHYSICAL QUANTITIES 



B. Mobility of electron 



A. Carrier concentration 

In the weak field limit, the Hall coefficient and the 
carrier concentration has the form H 



W\ip + nhf 



Stt 



en 



(11) 



where we define b — /in/^p arid the hole parts are ne- 
glected because 6 « 100 for InSb |lO0. Equation (|l|) 
and Fig. ^(b) gives the carrier concentration of the elec- 
tron in Fig. |j. We can fit the following function of the 
temperature by the least square method as 



n(T) = 3.3 X lo20ri-5 cxp 



2600\ 



kT 



(12) 



We assume that the sample is in the intrinsic region 
near room temperature. The carrier concentration of the 
intrinsic semiconductor is written by H 



ni(r) = 2 



^mnmp 
27r?i^ 



kT 



exp 



Eg 
2fcT 



(13) 



where Eq is the energy gap, rrin the effective mass of the 
electron, and nip the effective mass of the hole. Compar- 
ing eq. ( p^ ) with eq. (p^), we obtain 



Er 



In the weak field limit, the Boltzmann equation for 
the single parabolic non-degenerated band model gives 
the conductivity as follows M: 



2600 X — = 0.22 [eV 

|e| 

' '3.3 X l02"^2/' 



(16) 



where we use 5 <C 1 for InSb. Equations (O) and (|T^) 
give the mobility of the electron in Fig. H. The tem- 
perature dependence of the mobility of the electron is 
obtained as 



Mn 



T 



-1.50 



7,5 X I 



(17) 



The exponent -1.5 denotes that the dominant scattering 
process is acoustic phonon scattering. 
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FIG. 8. Temperature dependencd of the electron mobility. 
(15) The experimental resuh are fitted by fi^ « 7.5 x (T/SOO)"^'^" 
[mVV/s]. 
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FIG. 7. Temperature dependencd of the carrier con- 
centration of the electron. Fitting function is 
n(T) = 3.3 X 10^°T^-^ exp[-^) . Comparing the intrin- 
sic concentration eq. (|l3), we have Eq ~ 0.22 [eV] and 
ninmp ~ 1.7 X 10~^mg. 
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FIG. 9. Temperature dependencd of the hole mobility from 
the Nernst coefficients. The experimental result are fitted by 
Mp(-B = 4Tesla) ^ 0.065 x (T/300)-^ '^ [ m^/Y/s ]. 
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C. Mobility of hole 

In the strong magnetic field limit, the Nernst coefScient 



of the intrinsic semiconductor becomes |10 



(18) 



Substituting the values of the Nernst coefficient given by 
the experiment at -B = 4 Tesla in the eq. ( |T^ ) , we obtain 
the mobility of the hole in Fig. ^. By the least square 
method, we also have the temperature dependence of the 
hole mobility as 



fj.p{B = 4Tesla) « 0.065 x 



V 300 / 



mVV/s]. (19) 



D. Fermi level 

The thermoelectric power gives the Fermi level as fol- 
lows [S: 



1 + -^ 

no 



nb 



* 1 + ^ 



(20) 



where is the Fermi level from the edge of the conduction 
band and negative. Equation (^) and the experimental 
results of the thermoelectric power give the Fermi level in 
Fig. fol In the intrinsic region, the Fermi level becomes 
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FIG. 10. Temperature dependencd of the fermi level. The 
experimental result are fitted by Cn = -0.117 + 3.2^ [ eV ]. 
This equation denotes that Eg ~ 0.23 [ eV ] and m^/m-n ~ 73. 



IV. DISCUSSION AND CONCLUSIONS 

We summarize basic physical quantities obtained by 
the experiment in Table where the reference values are 
also written. This table shows that the experimental re- 
sults are almost coincident with the previous works. It is 
concluded that the Hall coefficient, the conductivity and 
the thermoelectric power of InSb near room temperature 
in the weak field are given the Boltzmann equation for 
the non-degenerate parabolic two-band with the acous- 
tic phonon scattering. However, the Nernst coefficient is 
very smaller than the theoretical value in the weak field. 
The behavior of the Nernst coefficient in the strong mag- 
netic field is consistent with the two-band model. We 
try to explain the difference between the experimental 
and the theoretical values of the Nernst coefficient in the 
weak field. Moreover we will measure the thermal con- 
ductivity in the magnetic field to estimate the figure of 
merit. 



Eq 3kT ( rup 
2 4e Vm,, 



[eV]. 



(21) 



Analysis in Fig. gives the temperature dependence of 
the Fermi level as follows 



Cn 



kT 

-0.117 + 3.2— [eV]. 

e 



(22) 



From eqs. (21) and (p2[), the energy gap and the ratio of 
the effective masses of the electron and the hole is given 
as 



7D 

Eg « 0.23 [ eV ] , « 73. 

rrin 



(23) 



physical quajitity experimental result 



c airier concentration 



-2 2 

nin nip = 1.7 x 10 



mobility I m7V/s| 
electron 



7.5x { 



-1.50 

L300j 

r 1 -1.7 



[300J 



0.065 X [ 
at B = 4 Tesla 



reference value 



=0 .01359 b 
= 0.45,,,, 



TABLE II. Comparision of the experimental results 
the theoretical vales. 



and 
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